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ABSTRACT 


Surface  Raman  r.  cat  ter  ins  using  a  spinning  technique  was 
investigated  for  solid  NaBO^ *  and  NaBO^*  HgO,  as  well  as 

for  electron  bombarded  per oxyb orates,  for  peroxyborates  heated 
for  various  times  and  at  temperatures  from  110-180°  C,  and  for 
solid  Na-2°2  an<*  Ea02*  ^a!nan  spectra  indicate  tnat  the  break¬ 

down  of  peroxy  groups  is  accompanied  by  the  formation  of  trapped 
molecular  0^.  Quantitative  Raman  intensity  data  were  also  obtained 
as  functions  of  heating  time  at  115°  C  for  the  1556  cm”1  line  from 
Oj,  and  for  t-h^  890  and  705  cm  1  lines  whose  intensities  scale  with 
the  peroxy  concentration.  Those  intensity  data  were  treated  by 
logistics  theory,  and  they  were  found  to  be  consistent  with  a 
second-order  auto-catalyzed  forward  reaction  dependent  on  the 
product  of  the  peroxy  and  02  concentrations,  plus  a  first-order  reverse, 
reaction  dependent  only  on  the  0^  concentration. 


j 


INTRODUCTION 


Peroxyborates^ ^  are  borate  compounds  containing  peroxy  linkages. 
They  may  be  prepared  as  crystalline  hydrates  by  evaporating  the  aqueous 
metaborate^  ^  solutions  with  hydrogen  peroxide.  The  structure  of  the 
peroxyborate  anion  in  the  tetrahydrate, ^2)  NaB03»4H20,  involves  the 
tetrahedral  dimeric  structure  determined  by  Hansson,(3)  Fig.  1.  A 
monohydrate, NaB03*H20,  can  also  be  obtained  by  dehydration  between 
55-60°c  according  to  the  reversible  reaction, 

NaB03*4H20^NaB03#H20+3H20,  (l) 

during  which  the  peroxyborate  anion  structure  of  Fig.  1  is  thought  to 
remain  unchanged.  Careful  additional  heating  between  100-130°C  yields 
an  amorphous,  slightly  heterogeneous  modification  which  releases  up  to 
10  wt.%  of  gaseous  oxygen  upon  dissolution  in  water, and 
is  highly  paramagnetic.  This  modification  is  the  effervescent  Magnetic 
Peroxy  Borate  (EMPB)(5)  studied  here. 

Edwards  et  al.^)  have  presented  various  types  of  data  leading 
to  a  reasonably  complete  structural  description  of  EMPB's.  Mass  spectra 
from  samples  in  which  both  oxygen  atoms  in  a  peroxy  linkage  were  labelled 
with  1«0  demonstrated  (1)  that  the  oxygen  released  in  water  (active 
oxygen)  originates  exclusively  from  the  peroxy  linkages  in  the  parent 
crystalline  forms,  and  (2)  that  the  breaking  and  reforming  of  peroxy 


Caption 


Figure  1.  Structure  of  the  peroxyborate  anion,  Bond 

distances  are  B-O4,  1.54&;  B-O5,  1.44#;  B-06,  1.52X;  B-07>  1.42#;  Og-07; 
1.47X.  Figure  and  data  from  Hansson.^) 


linkages  is  directly  involved  in  forming  the  amorphous  material.  Infrared 
and  x-ray  diffraction  studies  also  demonstrated  that  the  most  extensively 
reacted  preparations  still  retain  small  amounts  of  the  unreacted  starting 
material  (NaB03»H20),  and  that  no  new  crystalline  phase  results.  Further, 
the  presence  of  unusually  high  paramagnetic  spin  concentrations  (to  4.6x 
10^1  cm“3  assuming  S“l/2,  or  to  1.7  x  10^  cm“^  for  S=»l)  was  revealed  by 
static  susceptibility  measurements.  -  _ 

The  spin  concentrations  from  static  susceptibility  measurements 

exceeded  the  known  impurity  content  by  several  orders  of  magnitude,  and 

thus  paramagnetic  states  were  ascribed  to  various  oxyanions.  Two  relatively 

weak  overlapping  components  in  the  ESR  spectra  were  reliably  attributed 

to  (>2~  end  03“. (6)  Moreover,  the  presence  of  O2  or  oxyanions  requires 

changes  in  the  boron  coordination  from  4  to  3.  -  NMR  spectra  were 

consistent  with  coordination  changes  of  up  ton/15%  for  the  total  B  in 

extensively  reacted  EMPB  preparations.  Both  the  static  susceptibility 

and  the  overall  ESR  intensity  were  shown  to  correlate  nearly  linearly 

with  the  wt.%  active  oxygen.  However,  the  magnetic  susceptibility  indicated 

total  paramagnetic  spin  concentrations  more  than  three  times  those  estimated 

by  ESR.  This  and  other  considerations  led  to  the  suggestion  (5,6)  0f 

interstitial  O2  molecules  having  S^l  spin  states.  Such  molecules  would 

contribute  to  the  susceptibility,  but  if  not  free  to  rotate,  they 

would  escape  ESR  detection,  because  the  zero  field  splitting 

substantially  exceeds  the  energies  of  the  microwave  quanta 

(7) 

involved  in  the  experiment . ' 1 ' 

Raman  methods  were  used  in  this  work  because  the  infrared 
method  is  insensitive  to  02,(8)  as  tfeu  as  the  in-phase  stretching 


vibrations  of  (two)  peroxy  groups.  NaBO^^HgO,  NaBO^'HgO  and  EMP3 

preparations  were  examined  and  found  to  give  intense  Raman  spectra 

(q) 

when  sample  spinning  was  employed. Further,  a  sharp  Raman  line  at 
1556±2  cm*"1  was  readily  observed  for  EMP3  samples  heated  for  2  h  or 
more  at  115°  C  (but  not  for  NaBO^HgO  samples  that  were  electron  bom¬ 
barded  but  not  heated).  The  155^  cm”1  frequency  is  identical  to  that 
reported  for  the  0-0  stretching  vibration  of  gaseous  Og.^10^  thus 
clearly  indicating  the  presence  of  0 2  trapped  in  heated  EMFB»s. 

Raman  spectra  were  also  obtained  for  solid  Ba0o  and  Na~0„.  A  weak 

r  1 1 3  (o  cu'  *■  *  2  2 

Raman  line  was  observed!,  for  Na^Og  in  reasonable  agreement  with  the 
0-0  stretching  vibration  of  Og”.^11)  EMPB  samples  both  heated  and 
electron  bombarded  xvere  examined  for  0^~  by  Raman  methods,  but  no 
intensity  near  1135  cm”1  was  observed  that  could  be  directly  related 
to  the  02”  concentrations  involved.  The  ESR  resonance  identified  in 
Ref.  (6)  as  the  Z-resonance,  most  closely  approximates  the  resonance 
from  Na2°2  due  to  The  concentration  corresponding  to  the 

Z-resonance  in  the  EMPB  samples  studied  here^  ranged  from  about 

1  O  q  OO  Q 

U  x  10'  cm  to  1  x  10w  cm  ,  i.e . ,  too  low  for  Raman  detection 
where  interfering  vibrations  are  involved. 

Quantitative  Raman  intensity  measurements  were  also  made  of 
the  1556  cm”1  02  intensity,  and  also  of  two  lines  at  705  and  890  cm”1 
whose  intensities  scale  with  the  peroxy  concentrations,  as  functions 
of  heating  time  at  115°  C.  These  and  other  Raman  data  are  now 


described 


EXPERIMENTAL 


Raman  spectra  were  obtained  by  a  sample  spinning  method.  ^9^ 
Intensity  data  were  obtained  by  using  Na2S04  as  an  internal  Raman  standard. 
An  EMPB  mixture  containing  a  constant  percentage  by  weight  of  Na2S04  was 
prepared.  The  Na2S04  was  evenly  dispersed  in  the  EMPB  mixture  by  thorough 
grinding.  The  corresponding  Raman  spectra  contained  contributions  both 
from  the  EMPB  and  from  the  SO42-  ion.  Because  the  SO42-  concentration 
was  constant,  the  intensities  from  the  EMPB's  heated  for  various  times 
could  be  related  quantitatively  to  the,  VjA^,  Raman  intensity  of  SO42” 
at  990  cm~l. 

The  Raman  spectra  were  obtained  with  an  Instrument  S.A.  HG-2S 
holographic  grating  double  monochromator.  Radiation  at  488.0  and  514. 5nm 
from  an  argon  ion  laser  operated  at  power  levels  near  1_  W  was  used  for 
excitation.  Slit-widths  used  for  the  EMPB's  corresponded  to  ~5  cm-* 
and  to  2  cm~^  for  the  Ba02  and  Na202  samples.  The  detection  and 
recording  apparatus  have  been  described  previously. ^  ^ 


SURVEY  RAMAN  SPECTRA 


K  series  of  survey  Raman  spectra  was  obtained  prior  to  obtaining 
Raman  intensity  data.  This  series  involved  spectra  from:  (1)  NaBC>3»4H20, 
(2)  NaB03*H20,  (3)  NaB03*H20  subjected  to  low  electron  dosage  5.6  x  10*^ 
elec trons/cm^ ,  (4)  NaB03»H20  heated  at  110°C  and  then  subjected  to  high 
dose  1.3  x  10*6  electons/cm^  electron  irradition  [(l)-(4),  shown  in  Fig. 
2],  (5)  NaB03»H20  heated  for  various  times  and  at  various  temperatures, 

2-4  h  at  125°C,  4-14  h  at  155°C,  and  5-6  h  at  180°C,  and  (6)  Na2C>2,  and 
(7)  Ba02  t C 6 )  and  (7),  shown  in  Fig.  (3)]. 

The  Raman  spectra  from  NaB03#4H20  and  NaBC^I^O,  Fig.  2,  (<}) 
and  (c)» are  similar  in  the  vibrational  region  from  0-1800  cm-*.  Apart 
from  some  small  differences  below  600  cm-*,  e. g. ,  intensity  variations 
and  half-width  changes,  the  main  spectral  differences  occur  between  600- 
1000  cm-*.  Here,  Raman  lines  from  NaB03*4H20  occur  at  710,  900,  and  970 
cm-*,  whereas  lines  from  NaB03*H20  occur  at  705,  890,  and  960  cm-*.  Also 
ratios  of  the  705-710  cm-*  intensity  to  the  intensities  at  890-900  cm-* 
or  960-970  cm-*.  Fig.  2,  are  about  twice  as  large  for  NaBC^^O  as  for 
NaB03*4H20.  However,  the  gross  features  of  the  line  patterns  observed 
from  NaB03«H20  or  NaB(>3*4H20  seem  too  similar  to  suggest  any  major  change 
in  the  peroxyborate  anion  structure  with  changing  hydration.  Fig.  1. 

The  Raman  spectra  from  NaBC^HjO  subjected  to  low-dose  electron 
irradiation,  Fig.  2  (b),  are  also  not  grossly  different  from  those  of 
untreated  NaB03*H20.  The  most  conspicuous  difference  involves  j  _nange 


Figure  2.  Raman  spectra  from  solid  EMPB’s  (a)  heated  at  110°C  and 
irradiated  with  1.3x10*6  electrons/co2,  (b)  5.6  x  10*^  electrons/cm2 
but  no  heating  (c)  NaBOj^l^O,  and  (d)  NaB03*4H20.  Spectra  were  obtained 
with  514.5  nra  excitation  using  slit  widths  of  V  =g=5 .t.iifrfrffiFf  5-8  era-*-  and 
laser  power  levels  from  0.6  -1.0  W.  The  effective  gains  (intensity 
scaling  factors)  for  (d),  (c),  (b),  and  (a)  are,  respectively,  1,  0.7, 

2  and  4.  The  sharp  Raman  line  from  trapped  molecular  O2  at  1556  cm"*  is 
indicated  by  (*) .  An  intense  plasma  line  from  Ar  near  520  cm-*  is  indicated 


1150  1120  820  800  780  760  740  720  700 

Av  cm-1 


Caption 


Figure  3.  Raman  spectra  from  solid  Na£02  and  BaQ2-  The  spectra  were 
obtained  with  488.0  nm  excitation  at  a  power  level  of  1  W  using  a  slit:, 
width  of  2  cm-*  and  a  scanning  rate  of  5  cm“Vmin.  The  gain  in  the 
lower  spectrum  from  Na2©2  was  increased  by  a  factor  of  3.33  to  record  the 
weak  maximum  due  to  O2*"  at  1136  cm“l,  see  region  to  the  left  between 
about  1120-1150  cm-*. 


from  a  sharp  line  for  NalK^e^O  at  960  cm-*,  to  a  weaker  unresolved 
doublet  having  peaks  near  955  and  975  cm-*  after  the  electron  dose. 

The  Raman  spectra  from  NaB03«H2O  heated  at  110°C,  and  then 
subjected  to  high-dose  electron  irradiation,  Fig.  2(a),  differ  significantly 
from  those  of  untreated  NaB03«H20.  The  spectra  show  new  features,  e.g. , 
at  about  725-745  cm-*,  865-890  cm-*,  and  1556  +  2  cm-*.  The  sharp  line 
at  1556  cm-*  agrees  with  the  0-0  stretching  vibration  reported  for  gaseous 
©2- (10)  The  broad  new  features  near  725-740  and  865-890  cm-*  also  are 
present  in  spectra  corresponding  to  long  heating  times  (no  electron 
bombardment).  Hence,  they  may  refer  to  vibrations  of  groups  remaining 
after  the  peroxy  groups  have  reacted  to  form  molecular  O2. 

In  Raman  spectra  from  samples  heated,  for  example,  for  14  h  at 
155°C,  the  sharp  features  near  705  and  890  cm-*  are  not  observed,  and 
the  1556  cm-*  peak  height  is  the  largest  in  the  spectrum.  Raman  spectra 
from  less  rigorously  treated  samples,  e.g.,  2  h  at  125°C  fall  between 
those  from  unheated  and  strongly  heated  samples.  Such  spectra  suggest 
that  the  O2  concentration  increases  as  the  concentration  of  the  peroxy 
groups  decreases.  Further,  comparisons  with  spectra  from  samples  that 
were  only  electron  bombarded  suggest  that  heating  may  have  the  greater 
effect.  Certainly,  the  1556  cm-*  line  is  not  seen  from  samples  subjected 
to  low-dose  electron  irradiation  alone,  whereas  mild  heating,  2  h  at 
115°C,  readily  produces  it  in  the  spectrum. 

Raman  spectra  fromNa202»  Fig-  3  (b),  reveal  an  intense 
asymmetric  line  at  738  cm-*  (with  an  unresolved  low-frequency  shoulder), 


and  two  weaker  lines  at  791  and  1136  cm"1.  The  intensity  of  the 
1136  cm"1  line  is  roughly  one-tenth  that  of  the  733  cm"1  line. 

It  is  assigned  to  Og"  in  reasonable  agreement  with  the  previously 
reported  value  of  1145  cn"1.^11)  In  contrast,  the  spectrum  from 
solid  3a 02  does  not  display  any  line  in  the  vicinity  of  1136  cm-1, 
Pi^.  3(a).  This  spectrum  yields  an  Intense  line  at  844  cm"1  with 
a  resolved  foot  near  832  cm"1.  The  intense  lines  at  738  and  844  cm 
are  assigned  to  symmetric  0-0  stretching  vibrations  of  Og  in 
different  environments.  The  electron  irradiated  samples  correspond 
ing  to  Pigs.  ?(b)  and  ^(aj^yleld  Og"  concentrations  as  determined 
by  ESR  measurements  of  a/4  x  101®  cm"^  and  ^*1  x  1020  cm"-,  resp.^^ 
Both  samples  also  yield  a  weak  Raman  line  near  112&  cm"1.  However, 
this  line  cannot  reliably  bo  related  to  Og",  Pig.  3,  because  lines 
at  similar  frequencies  were  seen  for  untreated  Na302*4Hg0  and 
Ka3O^*Hg0,  and  also  the  Og"  concentrations  determined  by  ESR^^ 
are  too  low  for  Raman  detection. 

Finally,  the  0?  Raman  line  at  1556  cm"1  was  observed  from 
samples  heated  14  h  at  155°  C,  and,  with  diminished  intensity, 
from  samples  heated  6  h  at  180®  C.  Thus,  it  seems  reasonable  to 
conclude  that  both  the  final  decomposed  amorphous  material,  as  well 
as  the  partially  amorphized  3MPB,  effectively  trap  Og  molecules. 


Quantitative  Raman  Intensity  Data 


Raman  intensity  data  for  the  1555  cm”*  line  of  0 2,  and  for 
the  890  and  705  cm”1  lines,  the  former  of  vrhich  is  directly 
assigned  to  peroxy  groups,  are  shown  as  functions  of  heating  time 
in  hours,  t,  at  115°  C  in  Fig.  4  (a)-(c).  The  intensity,  I^j-gft) , 
Fig.  4(a),  is  seen  to  Increase  in  a  sigmoidal  fashion  from  about 
zero  at  t=*0,  to  ?  constant  value  at  t>6  h.  Simultaneously,  the 
intensities  I^Q(t)  and  I^Q!.(t) ,  Fig.  4(b)  decrease  and  reach 
constant,  but  nonzero,  values  for  t>6  h.  The  890  and  705  cm”1 
intensities  also  behave  in  the  same  way  with  time,  as  is  evident 
from  Fig.  4(b),  and  particularly  from  Fig.  4(c)  as  shown  by  the 


constancy  of  the  intensity  ratios.  This  constancy,  1.6±0.i, 
indicates  that  the  two  vibrations  involved  refer  to  a  common 
structural,  unit,  e ,  g . ,  -  re. 

The  intensity  data  shorn  in  Fig.  4(a)  and  (b)  are  character¬ 


istic  of  those  arising  from  logistics  theory 
according  to  that  theory,  see  Appendix  I. 


(13) 


,  and  were  treated 
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Caption 

Figure  4.  Quantitative  Raman  intensities,  IjCt),  versus  heating  time 
in  hours  at  115°C  for  (sodium)  EMPB  samples.  The  intensities  refer 
to  peak  heights  corrected  for  overlap  of  neighboring  components  relative 
to  the  peak  height  from  a  SO42"  internal  standard  at  990  cm”1. 

The  intensity  data,  I^t),  were  fitted  by  least  squares  using 


The  differential  equation  from  logistics  theory  for  the  case 


where  4(t)  *  -a  la  readily  shown  to  be  identical  to  the  equation  corresponding 

K  see  Appendix  I. 

to  second  order  auto-catalyzed  reactions^  For  the  auto-catalyzed  reaction 

A-*B,  the  rate  law  is,^^ 


-dtA]/dt  -  k2  [A]  [Bl. 


(2/) 


But  when  y=(A],  k^G  (t)  =  -a,  and  k»  [A]  +  [Bj  (mass  conservation),  Appendix  I 
eqn.  (Z)  is  identical  to  eqn.  (?).  (Note  that  y={A]eClfjd g  of  JL^ejo  y 
(B]  -  (k-y)o(I j  A  -  peroxy,  B  =  Og.  ) 


Eqn.  (Z) ,  however,  requires  that  [Aj^^O,  whereas  Fig.  4  (b) 
indicates  that  Iggg  or  I705  (°“)  are  nonzero.  To  resolve  this 
difficulty  consider  that  the  correct  rate  equation  for  the  present  case 
is  given  by,  -- 


-d[A]/dt  =  k2U}  fB]  -  k| [B] .  (3) 

Eqn.  (3)  implies  that  [Aj^j*  0  because  A  is  replenished  by  a  first  order 
reverse  reaction  in  B.  In  this  case  if  kj^k^Aj^,  eqn.  (3)  takes  the 
form. 


-d[Aj/dt  -  -d([A]-[A] J/dt  -  k2([A]-tA]J  [B].  (f) 

Moreover,  because  d(A]/dt  *  0  when  [A]  ■  [Aj  ,  intensities 
proportional  to  {A],  that  is,  I890  ®nd  I705  must  approach  nonzero  values 


at  t  ®  oO  ,  as  observed,  Fig.  4. 

Eqn.  (*f)  has  a  solution  of  the  form  (deleting  brackets  for 
concentration ) , 

i”  [v  (a  -  oj  -  v** +  ln  [v*.  -  aJ}  .  m 

where  k  =  A  +  3  =  A0  +  30  =  +  3^  (note  that  k/K,,),  and  re¬ 

arrangement  of  eqn.  (5)  yields  the  3  concentration, 

B  -  Sio/£  +  [f0  -  o-vpC-k^tl  ,  (6) 

which  is  seen  to  be  a  special  case  of  eon.  (8). 

The  form  of  eqn.  (6)  is  convenient  for  determining  the 
product  kpB^.  However,  it  is  necessary  to  substitute  \q  -  B 
in  the  left  hand  side  for  A  -  to  obtain  the  intensity  ratio 
3/(3^-  3).  This  substitution  allcv/s  the  intensity  ratio  for 
each  of  the  three  sets  of  intensity  data  to  be  determined 
individually.  A  logarithmic  plot  of  the  intensity  ratios  13 
shown  in  Fig.  S  (log10j3/(3o0  -  B  jQ  versus  t).  (For  this  plot 
B  *  I^ft)  for  1  m  1556  cm-1,  and  B  =  1^(0)  -  I^(t)  for  *  35  705  and 
890  cm-1.)  Generally  good  agreement  is  evident  between  the  three 
sets  of  data  up  to  t  =  3  nr  4  h,  and  this  agreement  suggests  that 
the  data  refer  to  a  common  process,  eqn.  {£). 

The  data  of  Fig.  S  were  treated  together  by  least  squares  for 
0^t^3  h,  and  the  result  is  shown  by  the  solid  line.  Fort}3or  4 
considerable  deviation  of  the  data  from  the  solid  line  is  apparent. 


Caotion 


Figure  S .  The  intensity  ratio  3/  (B^-  3)  plotted  on  a 
logarithmic  scale  (log^)  versus  t  for  heating  of  EKP3»s 
at  115®  C.  Solid  heavy  line  refers  to  least  squares  fit  of 
the  data  to  3  h.  3  »  Ii(t )  +  k/(l  +  C)  for  i  =  1556  cm”1 
and  B  -  3^(0)  -  I^t)  +  k/  (1  +  C)  for  i  =  705  and  890  cm"1. 

Filled  circles,  crosses,  and  open  circles  refer,  respectively, 
to  705,  890,  and  1556  era"1. 
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However*,  inspection  of  Pis.  4  clearly  indicates  that  the  intensity 
data  do  not  yield  reliable  rate  information  for  t  ^3  or  4  h,  and 
hence  the  discrepancy  ip  probably  not  very  important. 

Prom  the  least  squares  fit,  FIs,  £>  it  in  possible  to 
obtain  the  slope  S  (in  terns  of  natural  logarithms),  d  -  - 

1.6  ±  0.1  h”1.  To  obtain  a  value  of  k0  in  units  of  liter  02 
mole-1  h”1  it  is  necessary  to  know  3^.  If  3q  is  considered  to 
be  negligible,  as  observed,  the  initial  concentration  (t  =  0) 
of  peroxy  groups,  Aq,  in  mole  0q  liter”1,  is  given  by  J>/rA,  where 
K  =  99.3  g,  and  g  «  2.10  x  10^  g  liter”*, Note  that  one  mole 
of  peroxy  0^  is  associated  with  one  mole  of  Na  in  NaBOg'H^Og  or 
NaBO^'H^O,  Thus,  AQ^  01.0  mole  0?  liter”1.  Further,  from  Raman 
intensities.  Fig.  4,  and  the  assumption  that  xi(t  )«C|j>eroxy  O^J 
(i  *  705  or  390  cm”1),  8.30  mole  0?  liter-1.  Then  from 


A  *=  A^-t-  .  3^^  12.7  mole  0 2  liter”1:  Therefore,  from 


k23oo  =  1.6  ±  0.1  h-1,  k0  *(1.3  ±  0.1)  x  10”1  liter  0p  mole 


-1 


(of  Na303*Hg0)  h-1,  at  115°  C. 

Finally,  in  regard  to  mechanisms,  the  results  of  Fig.  £  in 
conjunction  with  ecus.  5  -  dimply  that  the  peroxyborate  anion 


decomposes  to  yield  trapped  molecular  0p  such  that  the  sum  of  the 
peroxy  and  trapped  0p  concentration  is  constant.  Further,  as  the 
concentration  of  molecular  02  increases,  it  increasingly  catalyses 
the  decomposition  of  the  peroxyborate  ion.  However,  as  the  concen¬ 
tration  of  molecular  02  rises,  a  reverse  reaction  also  occurs  that 
increasingly  opposes  this  rise,  such  that  or  Iq^q (°° )  / 


/  3 


Thin,  because  of  mass  conservation,  means  that  I, crr(oO)  does  not 

iopo 

rise  as  high  as  it  would  if  or  IgQ0(<?o)  were  zero,  l.e., 

k  -  is  smaller  for  0  than  for  0.  A  plausible 

explanation  for  the  reverse  reaction  is  that  there  is  a  limit  to 
which  the  concentration  of  trapped  molecular  0^  can  rise  because 
the  void  volume  in  the  amorphous  EMP3  is  limited.  Another  feature 
of  the  present  results  is  that  the  molecular  0g  concentration 
cannot  be  identically  zero  at  t  =  0.  Low  concentrations  of  mole¬ 
cular  C>2  would  be  difficult  to  detect  at  0  <.t  ^1  h,  and  further 
the  quantity  jlc/  (l  +  cjj  which  makes  1^(0)  =0  is  within  the 
noise  level  of  the  1556  cm~^  line.  Thus  trace  amounts  of  mole¬ 


cular  02  would  seem  to  be  present  in  the  unreacted  EMP3  to 
catalyze  the  initial  decomposition  of  the  pero;:y  groups,  or  the 
initial  catalysis  may  also  involve  paramagnetic  species  produced 


by  the  heating  process,  e.g. , 


the  ESR  resonances  designated  as 


X,  Z,  and  Y  in  Ref.  (6)  which 


Oo  ,  and  whose 
and  10  cm 


concentrations 


(6) 


correspond  to  3 O^Og-,  0g" ,  and 
are  about  102i  cm“^,  lO1^  cm“^. 


resp 


ii 


Summary 

Raman  spectra  from  a  series  of  EMP3  preparations  and  from 
Na2°2  an<3  3a02  vere  obtained  by  surface  scattering  from  spinning 
samples.  The  data  from  the  heated  peroxyborates  are  consistent 
with  the  breakdovm  of  peroxy  groups  in  the  peroxyborate  anion  to 
form  molecular  02  trapped  by  the  amorphised  networ  !-c  o  J.  i*G  kinetics 
of  this  reaction  were  treated  using  quantitative  Raman  intensity 
data  obtained  as  a  function  of  heating  time  at  115°  C.  Pitting 
of  the  data  by  logistics  theory  indicates  that  the  breakdown  of 
peroxy  groups  is  auto-catalysed  by  the  02  formed,  but  that  a 
reverse  reaction  also  involving  0 2  limits  the  reaction  at  115°  C. 
However,  data  at  elevated  temperatures  indicate  that  most  (or  all) 
of  the  peroxy  oxygen  can  be  converted  to  trapped  Og,  For  example, 
at  155°  C  the  forward  rate  constant,  k2,  is  apparently  much 
greater  than  the  reverse  x^ate  constant,  kj,  because  kg/k^  ■  l/A^  , 
and  Ao0  is  very  small  as  evident  from  low  values  of  and  I890* 
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APPENDIX  I 


(to  ) 

According  to  lo^isti^-s  theory^  a  rata  equation  of 


dy/dt  *J(t)  y  (y-k), 

his  a  solution, 


whore  the  function  s(t}  in  equation  (8)  Is  Si von  by, 


The  simple  case  where  <£(t)  =  -a/k  which  gives  g(t)  ■  -at,  is  found 
to  be  sufficiently  accurate  for  the  present  purposes,  and  this  leads 
to  a  solution  of  the  form  y  =  k/  (l  +  Cc-at'). 

At  t  «  0,  the  solution  y  has  a  finite  value,  k/(l  +  C),  while 
at  large  t,  it  has  a  value  k.  In  Fig.  4(a),  it  can  be  seen  that 
the  15 ?6  cm""  intensity  is  virtually  zero  at  t  =  0,  V/hile  a  direct 
fit  of  the  function  y  to  the  intensity  I1(t),  for  i  =  1556  cm”1, 
produces  only  a  small  value  at  t  =  o,  comparable  to  the  noise 
level  of  the  1556  cm-"*  intensity,  it  is  convenient  to  constrain 


that  value  to  be  identically  zero  by  considering,  instead  of  y. 


the  function, 


(t)  -[y  (1  +  Ce-’h 


it 


k/  (1  +  C)  * 


The  excellent  least  squares  fit  of  cqn.  (10)  to  the  1556  cm-'*'  data 
is  shown  by  the  solid  curve  in  Fig.  4(a).  The  results  of  similar 
fits  of  L^(t)  to  1^(0)  -  1.^ (is )  are  shown  by  the  solid  curves  in 
Fig.  4(b)  for  705  and  890  cm-1.  In  the  latter  cases,  I^O)  has 
values  of  1.021  and  1.634  for  703  and  890  cm-1,  resp.  A  direct 
comparison  of  the  curves  L^t)  is  made  in  Fig.  Q,  and  the  least 
squares  values  for  the  parameters  a,  C,  and  k  are  given  in  the 
caption  for  that  figure.  The  favorable  comparisons  between  (a) 
and  (b)  in  Fig.  6  suggest  that  molecular  0^  is  formed  at  the  expense 
of  peroxy  groups  in  the  paroxyborate  anicn,  l.e. ,  the  sum  of  the 
concentrations  of  the  peroxy  groups  and  molecular  0^  is  constant 
(subsequently  described  by  k  =  jjQf  £bJ,  where  A  refers  to  peroxy. 


and  B  to  Og) 


Caption 


Figure  6.  Logistics  function,  Lj.(t),  as  defined  in  the  text  used  to 
fit  the  data  shown  in  Figure  4.  The  least  squares  Logistics  coefficients 
are:  (1)  i-lSSdcra'1?  k»0.236  ,  C=20.B  ,  a=1.46  ;  (2)  i»890  cm"1? 

k*l .02  ,  C-28.8  ,  a*1.94  ;  and  (3)  i»705cm_1?  k=*0.646  ,  C-22.0  ,  and 
k“1.86  .  The  stars  shown  on  the  three  curves  refer  to  inflection  points 
corresponding  to  (k/2)  -  Ik/(l+C)J. 


Visual  inspection  of  the  curves  shown  in  Piss,  4  and  0 
indicates  inflections  near  1*5  -  2.0  h  in  all  cases.  More 
accurate  positions  can  be  determined  using  logistics  theory 
from  which  inflections  occur  whon  (t)  +  <j£(t  )(2y~k)  =  0, 
where  the  prime  denotes  differentiation  vfith  respect  to  t. 

Hence,  when  §{t  )  *  -a/k,  the  inflection  must  occur  at  y  =  k/2. 
However,  when  L.(t)  is  used,  the  corresponding  inflection  occurs 
at  LA(t)  -  (k/2)  -  0)]  .  Accordingly,  in  Fig.  6  the 

inflections  occur  at  L^<-^(t )  »  0.1071,  at  Lg^Q(t)  »  0.4772, 
and  at  L-Qc(t)  -•  0.2948.  The  corresponding  times  in  Pig.  6  are 
2.1  h  for  (a)  and  1.75  h  and  1.70  h  for  (b).  These  times  refer 
to  maxima  in  the  corresponding  derivatives  dXj/dt,  and  hence  to 
the  times  when  the  rate  of  change  of  the  peroxy  arid  molecular  0g 
concentrations  are  maximal.  The  range  1.70-1.75  h  is  considered 
to  be  a  more  accurate  estimate  than  the  value  cf  2.1  h,  however, 
because  the  135 6  cm-1  intensity  that  leads  to  the  2.1  h  value 


is  subject  to  larger  errors 


II 


APPEMDIX  JT 

It  is  known  that  the  0-0  stretching  frequency  generally 

O  1 

increases  as  electrons  are  removed,  ef. ,  O^"  ,  723-844  cm  , 
this  work;  0^“,  11 36  cm this  work,  or  1145  02, 

1556  otn"^13^:  and,  0o+,  1876  enT1^"0*^.  Similarly,  the  principal 

t..  • 

Raman  frequency  from  Nao02  occurs  at  733  cnT*,  whereas  that  from 
the  presumably  less  negative  peroxide  ion  in  3a 0^  occurs  at  344  cm”1. 
Also,  0-0  stretching  occurs  at  877  cm.”1  for  HpOg.  and  bet  ween 
890-945  cm""1  for  some  covalent  organic  peroxides* Hence,  it 
is  reasonable  to  assign  the  intense  line  at  890  c:.V“*  to  peroxy 
stretching  in  the  peroxyborate  anion,  but  it  seems  unreasonable  to 

_T 

assign  the  703  cm  *  line  to  an  ionic  peroxy  group,  as  might  be 
required  by  the  above  comparisons. 

The  present  Raman  data  indicate  that  the  705  and  890  cm-1 
intensities  scale  quantitatively  together.  Pigs.  4  and  6>  and 
examinations  of  Raman  spectra  obtained  between  110°  C  and  130°  C 
indicate  that  the  960  crT1  intensity.  Pig.  2,  also  scales  quali¬ 
tatively  with  the  70p  and  890  cm-1  intensities.  However,  because 
there  are  only  two  peroxy  bonds  in  the  peroxyborate  anion,  no  more 
than  two  peroxy  valence  vibrations,  l»e.,  stretching  along  the 
double  bond  direction,  can  be  expected.  These  two  valence  vib¬ 
rations  would  be  degenerate  if  the  intraionic  coupling  is  weak, 
but  if  the  coupling  is  strong,  the  in-phase  valence  mode  would  be 
Intense  in  the  Raman  spectrum,  with  the  out-of-phase  valence  mode 
weak,  (or  vice  versa  for  the  infrared  spectrum).  Hence,  one  strons 
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peroxy  stretching  line  would  be  expected  in  the  Raman  spectrum, 
rather  than  tv/o  or  three,  and  it  would  be  most  likely  to  occur 
at  890  cm”1.  Accordingly,  the  705  and  960  cm”1  lines  probably 
arise  from  other  vibrations,  and  if  they  arise  from  the  B2(02)2 
ring  of  the  peroxy borate  anion,  their  intensities  would  probably 
scale  with  the  890  cm”1  peroxy  intensity  because  all  three  modes 
would  be  associated  solely  with  unbroken  B2(02)g  units.  However, 
the  totally  symmetric  stretching  and  asymmetric  stretching  vibra¬ 
tions  of  the  tetrahedral  B(0H)2,“  ion  occur  at  7^7-75^  cm”1  and 
9^5-950  cm”1,  respectively,^1®^  and  the  symmetric  3-0H  stretching 
of  H^BO^  occurs  at  1060  cm"1.^1®^  Thus  the  possibility  that  the 
705  and  960  cm"1  lines  are  related  to  3-OH"  or  3-OH  groups  of 
the  peroxyborate  ion  cannot  be  ruled  out. 

Finally,  infrared  spectra  were  not  obtained  in  this  work. 
However,  several  spectra  have  been  reported  for  NaBO^’HgO, 
see  for  example  Ref.  (19). 
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